The Mistaken Point and Trepassey formations (Conception and St. John's groups, respectively) comprise a terminal Neoproterozoic, deep-marine succession of fine-grained turbidites and volcanogenic deposits that are part of the Avalonian Terrane. Debris-flow beds, slumped units, the low dispersion of turbidity-current paleoflow directions, and the absence of wave-generated structures together indicate that the sediment was deposited on a deep-water, southeastfacing slope. Channels were not present in the study area. The upward increase in the abundance of slump structures suggests that these units represent toe-of-slope and mid-slope environments, respectively. These units prograded over basin-floor deposits of the Drook and Briscal formations, which have (axial) paleocurrent directions that are orthogonal to the inferred downslope flow that characterized the overlying deposits. Within the Mistaken Point and Trepassey formations, a diverse assemblage of soft-bodied, non-phototrophic Ediacaran organisms is preserved beneath volcanic ash layers on more than one hundred surfaces. Individual fossiliferous surfaces can be correlated up to several kilometres. The felling orientations of frondose fossils indicate that contour currents, as well as up-and downslope currents of tidal and (or) wind-forced origin, influenced the sea floor in the intervals between event beds when the organisms lived. The contour currents may have been responsible for sustaining the organisms in this deep-water setting. The current-produced inclination of the frondose organisms at the time of ash deposition allowed their preservation by preventing the accumulation of ash beneath them.
Introduction
The Mistaken Point and Trepassey formations (late Neoproterozoic) in the Mistaken Point area of southeastern Newfoundland (Figs. 1, 2) contain an extremely important record of early life on Earth in the form of the spectacularly preserved Ediacaran communities that occur on more than one hundred bedding planes. The host strata are generally regarded to have accumulated in a deep-water, turbidite-dominated environment (Misra 1981; Benus 1988; Gardiner and Hiscott 1988; Myrow 1995) . Thus, these fossils are one of the few recorded deep-water assemblages of the Ediacara biota (Misra 1981; Narbonne 1998; Narbonne et al. 2001) and, in conjunction with recently reported occurrences of Ediacaran fossils lower in the Conception Group , represent the oldest complex organisms and ecosystems known anywhere (Benus 1988; Martin et al. 2000; Bowring et al. 2003) . Hence an evaluation of the sedimentological conditions under which these organisms lived and were preserved as fossils is critical to our understanding of the early evolution of animals and their colonization of the deep ocean floor.
The purpose of this paper is to describe the sedimentology of the Mistaken Point and Trepassey formations in the Mistaken Point area to refine previous interpretations of their depositional setting. We then look at the implications of the environmental interpretations with respect to the paleobiology of the Ediacaran communities and the nature of the depositional basin.
Geological setting
The Avalon Terrane is one of many belonging to the Avalonian and Peri-Gondwanan Superterrane (O'Brien et al. 1996) . This larger, composite terrane is one of the best preserved examples of a Neoproterozoic magmatic arc in the world, which formed originally along the northeastern and eastern margin of Gondwana (Nance and Murphy 1996; Keppie and Dostal 1998; Fernández-Suárez et al. 2002; Hartz and Torsvik 2002; Nance et al. 2002) . The West Avalonia portion of the Avalon Terrane that forms modern-day eastern Newfoundland is thought to have been located adjacent to the Amazonian craton in the latest Neoproterozoic (Murphy et al. 1999; Nance et al. 2002) , at -40°-65°southern latitude (McKerrow et al. 1992; Waggoner 1999) . Current thinking indicates that the basement of the terrane was generated in an oceanic island arc (Murphy et al. 2000) that was then accreted to the margin of Amazonia. After an episode of oblique subduction, accompanied by arc volcanism and associated sedimentation, movement became trans-tensional, leading ultimately to the separation of the Avalon terrane in a manner similar to Baja California (Nance et al. 2002) .
The late Neoproterozoic sedimentary succession in eastern Newfoundland is more than 10 km thick and lies directly on the Harbour Main Group (>1500 m thick), an undivided, bimodal assemblage of island-arc volcanics (Williams and King 1979; King et al. 1988) . The lower part of the succession, consisting of the Conception Group and the Trepassey Formation at the base of the St. John's Group (Fig. 2) , is turbiditic in character and contains a significant component of volcanic ash (Williams and King 1979) . It is believed to have accumulated in a tectonically active, arc-related basin (Myrow 1995) prior to separation from the Amazonian craton (Nance et al. 2002) . The deposits described here occur at the top of this succession. The remainder of the St. John's Group and the overlying Signal Hill Group consist of an upwardshallowing succession of deltaic and alluvial deposits (King et al. 1988; Myrow 1995) . The upper part of these deposits is cut by the Lilly Unconformity (Myrow 1995; Calon 2001) , which records significant folding and thrusting. Subsequent early Paleozoic deposits onlap these deformed strata and are interpreted to have accumulated on an insular landmass (Landing 1996) , after separation from Amazonia.
Facies in the Mistaken Point area

Methodology
Well-exposed and easily accessible outcrops in the Mistaken Point area (Fig. 1 ) allow measurement of an essentially complete, composite section of the entire Mistaken Point and Trepassey formations, including the base of the Fermeuse Formation. In addition, duplicate sections are available through the paleontologically significant upper part of the Mistaken Point Formation (Fig. 3 ) and the overlying Trepassey Formation (Fig. 4) . These sections were measured at decimetre-scale, noting bed thickness, grain size, sedimentary structures, colour, composition, and fossil occurrences. The recognition of sedimentary structures is aided by the absence of bioturbation, but this is counter-balanced by the weathering style of these silicified deposits, which obscures internal sedimentary structures. In addition, most large, non-fractured outcrop faces lie parallel to the local strike of the pervasive cleavage (58°/238°), limiting the number of opportunities to examine sedimentary structures in three dimensions.
Paleocurrent measurements derived from current ripples in turbidite beds and oriented frond-shaped fossils form an important element of the following analysis. All measurements of current ripples were made at locations where two faces permitted the orientation of the ripple troughs to be reconstructed with reasonable certainty (ca. ±20°). The orientations of the fossils were measured directly on bedding planes. For the majority of specimens, the axis of the frond and the stem showed the same orientation, in which case the orientation of the line joining the tip of the frond and the holdfast was recorded. For fossils that showed a kinked orientation, separate orientations were recorded for the stem and the axis of the frond.
Because of penetrative deformation, the holdfasts of the frondose fossils, which are assumed to have been circular during life (Jenkins and Gehling 1978) , are now elliptical ( Fig. 5A ) with an elongation ratio (L/S) of 1.4-1.67, where L is the long axis of the ellipse (which lies parallel to the strike of the cleavage (α C , falling between 0°and 180°), and S is the short axis of the ellipse. This deformation causes a rotation of any vector toward the strike of the cleavage, with the maximum angular deflection (-14°) occurring for a vector with an original orientation at 45°to the cleavage. All orientation data (both ripple cross-lamination and frond axes) were corrected for this deformation using the approach provided by Ramsay (1967, p. 67) :
where θ′ is the observed angle between the measured vector and the major axis of the deformation ellipse (the cleavage), and θ is the same angular relationship before deformation (Fig. 5B ). By substituting
(where α′ and α are the post-(actually measured) and pre-deformation orientations of the measured paleocurrent vector relative to true north; Fig. 5B ) into (1) and solving for α, one obtains
This relationship was used to retrodeform all orientation measurements, thereby removing the affects of the penetrative deformation on the angular relationships. In addition, corrections were applied to remove the affect of tectonic tilt, using the local strike and dip of the bedding. Original measurement uncertainties, coupled with the simplifying assumptions implicit in the preceding analysis, mean that all paleocurrent measurements derived from current ripples have an uncertainty of ±30°, whereas the more readily measured frond orientations have an uncertainty of ±10°-15°.
Based on their physical characteristics, seven facies are recognized in the Mistaken Point, Trepassey, and lowermost Fermeuse formations (Table 1 ). In the following descriptions, turbidite beds that form the bulk of the succession are described using the standard Bouma subdivisions (T A-E ). Although softsediment deformation is present in both the Mistaken Point and Trepassey formations, it does not warrant its own facies designation because the deformation does not mask the primary sedimentary features. Readers are referred to Narbonne et al. (2001) and Wood (2002) for additional details.
Facies 1, graded beds lacking ripple cross-lamination
Facies 1 is volumetrically the most abundant in the study area (Fig. 6 ) and occurs in all measured sections through the Mistaken Point and Trepassey formations. Beds of this facies range in thickness from 1-90 cm and are graded, with maximum, basal grain sizes varying from silt to very fine sand. All beds are tabular and have a sharp base (Fig. 6) . There is little or no evidence of erosion, and sole marks (flutes and prods) are apparently absent. Each bed begins with parallel lamination that is overlain gradationally by structureless mudstone. Ripple cross-lamination is absent. The structureless mudstone typically makes up 60%-80% of the bed thickness and only rarely constitutes as little as 20% of the bed. Stratigraphically, red-coloured mudstone is restricted to the Mistaken Point Formation, whereas green mudstone typifies, but is not restricted to, the Trepassey Formation. Beds of this facies are interpreted as mud-dominated T DE turbidites, produced by slow-moving turbidity currents.
Facies 2, graded beds with ripple cross-lamination
The graded beds composing this facies are laterally extensive and tabular (Fig. 6) , with sharp, apparently non-erosive bases. All beds contain current-ripple cross-lamination that is overlain by draping and (or) flat lamination and structureless mudstone. Climbing-ripple lamination is present in approximately half of the beds. In some cases, ripples and draping-flat lamination alternate several times in a single medium or thick bed. Superficially, the draping lamination resembles hummocky cross-stratification, but flow-parallel sections show that the "hummocks" are cored by climbing, three-dimensional current ripples. Where the current ripples are visible in three dimensions, they give paleocurrent directions that are consistently toward the south and southeast throughout the Mistaken Point and Trepassey formations (Figs. 3, 4, 7) . Some beds assigned to this facies also possess structureless sandstone and (or) upper flow-regime parallel lamination at their base, but such beds are sufficiently rare that they are not assigned to a separate facies. Bed-scale soft-sediment deformation (convolute bedding) is not common (Figs. 3, 4) , but, where present, it is restricted mainly to the current-rippled interval. Grain size is more variable in this facies than in any other, ranging from very fine to medium sand. However, the coarsest beds are not necessarily the thickest beds, as might be expected (cf. Potter and Scheidegger 1966) . The proportion of structureless mudstone in each bed is only slightly less than that in facies 1 (50%-60%). Facies 2 beds are common in both the Mistaken Point and Trepassey formations, but are particularly abundant in the former unit.
These beds are interpreted as T (AB)CDE turbidites that were deposited by turbidity currents with greater density and speed than those responsible for facies 1. The inconsistent relationship between bed thickness and grain size may be due to a progressive increase in the amount of bypassing as the turbidity currents became more dense and more energetic, thereby yielding thin beds with coarse basal grain sizes, while thicker beds are finer grained.
Facies 3, massive sandstone
Facies 3 consists of two distinct bed types (Table 1) , both of which are internally structureless. Subfacies 3A is restricted to a single 0.5 m-thick bed in the uppermost part of the Trepassey Formation (Fig. 4) , where it occurs in situ and also as disrupted rafts within slumped intervals. The bed is a distinctive, yellow-green sandstone that consists of medium to coarse grained, angular to sub-rounded quartz and feldspar grains that show weak normal grading (Fig. 8) . Dark grey-coloured, elongate mudstone clasts up to 3 cm long are present locally at the base.
Facies 3B consists of structureless beds that have a significant ash component. Grading is not obvious because of the prominent cleavage that characterizes these beds. They occur sporadically in both the Mistaken Point ( Fig. 6A ) and Trepassey formations, but they are thinner and less abundant in the latter unit. Wherever they occur, they immediately overlie thin beds composed entirely of ash (facies 4).
Facies 3A and 3B are most likely the deposits of subaqueous gravity flows. The lack of sedimentary structures may be a sign of rapid deposition. The deposition of facies 3A was unique in the history of the study area, given that it is much thicker bedded and coarser grained than almost all other beds in the succession, with a different composition and colour. Given the tuffaceous nature of facies 3B and its association with facies 4 (crystal tuff), we speculate that beds of facies 3B resulted from the re-mobilization, mixing, and downslope movement of newly deposited volcanic material and preexisting sediment.
Facies 4, crystal tuff
Facies 4 consists of cream-to grey-coloured laminae and very thin beds (1-15 mm thick) of volcanic ash. Recrystallization obscures the original grain size, but in one case medium and coarse sand-sized, angular feldspar grains are present at the base of the bed (Fig. 9 ), giving it a graded appearance. Sedimentary structures are not visible in outcrops or thin sections. Hundreds, if not thousands, of such ash Williams and King 1979; King et al. 1988 ). U-Pb zircon ages for the succession: Harbour Main Group volcanics, 606.8 ± 3.7 Ma (Krogh et al. 1988) ; Gaskiers Formation, 580 Ma (Bowring et al. 2003) ; upper Drook Formation, 575 Ma (Bowring et al. 2003) ; and upper Mistaken Point Formation, 565 ± 3 Ma (Benus 1988) . Fm., Formation, Gp., Group. Fig. 1 for locations). Thin tuff beds (facies 4) are present throughout all studied sections; those that buried fossils are shown by small arrows. Numbers beside arrows refer to the identification scheme used in Wood (2002) . Correlations between sections (dashed lines) based on unique lithologic packages and distinctive fossil surfaces (letter designations after Landing et al. 1988) : I, fossil level C (surface numbers 9-31); II, fossil levels D and E (surface numbers 10-33 and 12-34) that are separated by a distinctive bed of Facies 2; III, fossil level G (surface numbers 16-35); IV, a group of three debris-flow beds; V, fossil level H (surface numbers 19-36); VI and VII, common stratigraphic tops of sections. Frond felling directions (rose diagrams) plotted as the direction from the stationary holdfast to the tip of the frond. C, coarse; M, medium: F, fine; VF, very fine; S, silt.
beds occur throughout the Mistaken Point Formation (Fig. 3) where they are responsible for the preservation of the Ediacaran fossils (Fig. 9) . Crystal tuffs are also present in the Trepassey Formation (Fig. 4) but are thinner and much less common. They are rare above the base of the Fermeuse Formation. Based on the lack of structures and the thinness and lateral continuity of each bed, they are interpreted as ash-fall events associated with volcanic eruptions.
Facies 5, matrix-supported conglomerate
Beds of this facies are characterized by the presence of intraformational mudstone clasts (fragments of T E mudstone and laminated mudstone (facies 6)) set in a structureless matrix of sandy mudstone. Individual beds are 30-140 cm thick with only minor, lateral changes in thickness (some beds thicken by as much as 15% over the -1 km distance from Watern Cove West to Mistaken Point West; Fig. 1 ). Beds tend either to contain a broad range of clast sizes (2-50 cm) or to have clasts with a restricted size range (<15 cm); no correlation exists between clast size and bed thickness. The clasts are tabular and uncontorted and range from sub-angular to sub-rounded. Most clasts are randomly positioned throughout the entire thickness of the bed, but in some cases the clasts are preferentially located in the middle or upper half of the bed.
These beds are interpreted as the deposits of debris flows produced by the slumping and remoulding of preexisting deposits. The survival of the sub-angular mudstone clasts without contortion suggests that they may have been partially lithified at the time of slumping. Facies 5 is found almost exclusively within the Mistaken Point Formation, occurring in all measured sections (Fig. 3) . A single bed of this facies at Shingle Head (Fig. 4A) is the only occurrence in the Trepassey Formation.
Facies 6, laminated mudstone
Detailed examination reveals that many of the T E mudstone intervals in the Mistaken Point and Trepassey formations are sharply overlain by several millimetres to a few centimetres of distinctive laminated mudstone (Fig. 10 ) that is slightly darker in colour than the underlying structureless T E mudstone. These intervals are laterally persistent and of constant thickness. In thin sections, the lamination is seen to consist of sharply defined, slightly irregular ("crinkly") concentrations of silt-sized material no more than a few grains thick, separated by clay and black carbonaceous material that occurs with equal thickness over both the crests and troughs of the wavy silt laminae. Such lamination is conspicuously absent from the underlying T E mudstone (Fig. 10B ) and does not resemble the indistinct, wispy, or convolute lamination reported from fine-grained (muddy) turbidites (i.e., the T 4 and T 5 subdivisions of Stow and Shanmugam 1980) . Thin laminae of volcanic ash (facies 4) occur within these laminated mudstone beds and the Ediacaran fossils lie on bedding planes composed of this facies (Fig. 9) .
These features indicate that the laminated mudstone accumulated during the periods between turbidity currents and thus represents the background environment in which the Ediacaran organisms lived, as has been suggested by Benus (1988) and Jenkins (1992) . The black carbonaceous material may represent the remnants of microbial mats that covered the sediment surface. The "crinkly" nature of the lamination is consistent with this (Schieber 1999) . The presence of such mats may have contributed to the general absence of sole marks on the base of turbidites, as well as the ability of the fossil holdfasts to withstand uprooting (Seilacher 1999) .
While the clay-sized material that occurs within the laminated mudstone facies may have accumulated by hemipelagic settling, this process is unlikely to have produced the sorted silt laminae. Instead, these laminae suggest that currents influenced sedi- mentation, as does the strongly preferred orientation of the frondose organisms (i.e., Charniodiscus sp., Charnia masoni, Charniodiscus arboreus, and a branching, tree-like form; Narbonne et al. 2001, plate 1b-1e ) that lived during the deposition of this facies. These organisms were tethered to the sea bottom by a holdfast (Fig. 5A ) and acted as "windsocks" that record the paleocurrent that was acting at the time of burial by volcanic ash. The fronds on most surfaces (10 of 16) are oriented toward the northeast (Figs. 3, 11A,  12 ), approximately at right angles to the downslope direction indicated by current ripples within turbidites (both locally (Fig. 11A) and globally (Fig. 12) ). This orthogonal relationship implies that deposition of the laminated mudstone occurred mainly under the influence of a contour current . (It might be noted that the anticlockwise relationship between this northeasterly directed contour current and the southeasterly downslope direction implies the operation of a left-turning Coriolis force, which is consistent with the proposed Southern Hemisphere location of West Avalonia during the latest Precambrian (Nance and Murphy 1996; Waggoner 1999) Fig. 11C ). The former orientations might be due to gravitydriven flow associated with the emplacement of the overlying ash, but the upslope orientations suggest that deep-water tidal currents (cf. Petrie 1975), wind-induced up-and downwelling currents (Allen 1997, pp. 318-319) , and (or) internal waves influenced the environment at times. Such diversity of bottom-current orientations is common in modern deep-sea environments (Stow et al. 1996, p. 405) .
Facies 7, dark mudstone
This facies is dark brown to black and consists predominantly of uniform, structureless mudstone. Where bedding can be recognized, each bed is <1 cm thick, has a sharp base, and becomes darker in colour upwards, suggesting the presence of subtle grading. Discontinuous laminae of siltstone are present locally at the base of such beds. Current ripples are not present. Therefore, most beds appear to represent T DE or T E beds, deposited by very weak turbidity currents. This facies is not present in the Mistaken Point and Trepassey formations; its first occurrence marks the base of the Fermeuse Formation (Fig. 4A) .
Facies associations
Observations indicate that the seven facies described above (Fig. 4A) . All strata are deformed as a result of slumping. Scale (middle left) is 10 cm long. vary in their relative abundance through the Mistaken Point, Trepassey, and lower-most Fermeuse formations. On this basis, four facies associations are recognized. These four associations are organized in an overall thinning-and fining-upward trend.
FA1: medium-bedded Mistaken Point association
This association forms all of the lower Mistaken Point Formation at Gull Rock Cove (Fig. 3A) and the majority of the upper Mistaken Point Formation at Mistaken Point and Watern Cove (Fig. 3) . It is dominated visually by medium-to thick-bedded turbidites. However, T DE beds (facies 1) outnumber T (B)CDE beds (facies 2) by an average of 3:1, and T E mudstone forms nearly 60% of the association. In some intervals, sand content is as low as 10%. The turbidity currents were unconfined, as channelized deposits are not present. Debris-flow deposits (facies 5) are not volumetrically significant anywhere in the Mistaken Point area but are most abundant in this association, as are crystal tuffs (facies 4) and medium-to thick-bedded tuff-rich beds (facies 3B). The strata are intact and undisturbed. Thin, laminated mudstone beds (facies 6) occur atop most turbidites. This association was formed by the strongest and most concentrated turbidity currents represented in the Mistaken Point, Trepassey, and Fermeuse formations, supplemented by the action of weak, background currents and hemipelagic settling.
FA2: thin-bedded Mistaken Point association
This association is found in the upper Mistaken Point Formation (Fig. 3) and is dominated by thin-bedded turbidites, although thicker beds are present in small numbers. T DE beds (facies 1) are more abundant than in FA1, outnumbering T (B)CDE beds (facies 2) by as much as 6:1, indicating that this facies association was formed by weaker and less-concentrated turbidity currents. Overall, however, the sandstone to mudstone ratio is roughly the same as in FA1. Laminated mudstone (facies 6) is present at many levels, indicating that background currents continued to be active. Crystal tuffs (facies 4) and debris-flow deposits (facies 5) are present but are less abundant. The strata are intact and undisturbed, and channelized deposits are not present.
FA3: Trepassey association
The Trepassey association, which is equivalent to the "Trepassey lithologies" of Williams and King (1979) , consists almost entirely of very thin-bedded T DE turbidites (facies 1). These outnumber T (B)CDE beds (facies 2) by as much as 15:1. Thick beds of any origin are nearly absent, and medium beds are rare. Only one debris-flow bed is present. Overall, the mudstone content averages about 70%. Crystal tuffs (facies 4) are few and thin, and re-sedimented tuff-rich beds (facies 3B) are rare. At Shingle Head (Fig. 4A ) most of the section has been disrupted by slumping, resulting in the formation of stacked slump successions that range from 26-66 m in thickness. Slump movement must have been only a short distance, however, given the lithologic similarity of the slumped and in situ deposits and the scarcity of debris-flow beds. At Portugal Cove Point, the strata appear to be largely in place (Fig. 4B) , but an abrupt change in the strike and dip at the 50 m level suggests that at least one very large slump is present.
FA4: Fermeuse association
FA4 consists exclusively of dark mudstone (facies 7). Debris-flow deposits (facies 5), crystal tuffs (facies 4), and tuff-rich sandstone beds (facies 3A) are all absent. Large-scale slumping, on the other hand, is a characteristic feature of all outcrops. This association is the primary component of the basal Fermeuse Formation, which is finer grained than the underlying Trepassey Formation.
Facies organization
Although beds are extremely tabular throughout the succession (Fig. 6A) , the discontinuous nature of exposure and the relatively monotonous character of the deposits make it difficult to trace single beds among outcrops with confidence. However, the presence of three, laterally correlative marker intervals suggests that the bedding may be very continuous.
(1) An unusually thick, convolute-laminated bed of facies 2, which is overlain and underlain by fossil surfaces with distinctive faunal associations (the D and E beds of Benus 1988), can be correlated between the Mistaken Point West and Watern Cove West sections (Fig. 3A, 3C , correlation line II), a distance of -1 km. (2) A distinctive package of three debris-flow beds within a 4 m-thick interval, which contains a fossiliferous bed, can also be correlated between Mistaken Point West (37-41 m, Fig. 3A ) and Watern Cove West (36.5-40.5 m, Fig. 3C , correlation line IV). In both of these first two cases, the thickness of individual beds changes by < 20% between occurrences. (3) The unique, light-coloured sandstone bed (facies 3A), which occurs close to the top of the Trepassey Formation and immediately above the highest occurrence of Mistaken Point-type fossils , is present at both Shingle Head (178 m, Fig. 4A ) and Portugal Cove Point (104 m, Fig. 4B , correlation line VIII). This marker is also recognized at the same stratigraphic level (i.e., just below the first occurrence of facies 7 marking the base of the Fermeuse Formation) in the town of Trepassey, -20 km from Mistaken Point.
A careful examination of the Mistaken Point Formation reveals that systematic bed-thickness changes (both upwardthickening and upward-thinning successions) are present on a scale of 3-8 m. (These bed-thickness trends are recognizable using either the total bed thickness or the thickness of the bed excluding the T E mudstone portion.) In general, upward-thickening successions show progressive coarsening of the sediment at the base of successive beds, whereas upward-thinning successions show an upward-fining trend. Upward-thickening and -coarsening successions are slightly thicker and more numerous than upward-thinning and -fining trends. Both types of succession are most obvious below the 60-m level of the Mistaken Point West section (Fig. 3) but cannot be correlated into stratigraphically equivalent strata at Watern Cove West and East, despite the lateral continuity of individual beds. Bed-thickness and grain-size trends are not recognizable in the Trepassey Formation at Shingle Head because of the pervasive slump deformation (Fig. 4A) , but upward-thickening and -coarsening trends are present in the Portugal Cove Point section (Fig. 4B) .
Paleoenvironmental interpretation
All previous workers have emphasized the deep-water character of the Mistaken Point Formation (Misra 1981; Benus 1988; Gardiner and Hiscott 1988; Conway Morris 1989; Myrow 1995; Narbonne et al. 2001) , based on the preponderance of turbidites in the succession, the presence of debris-flow deposits, and the conspicuous and complete absence of wave-generated features. (Prominent, straight to gently sinuous ridges of bedding planes in the upper Mistaken Point Formation, which were once presumed to be wave ripples (Williams and King 1979) , are related to the pressure-solution cleavage (Benus 1988) ). Most previous workers have proposed a submarine-fan interpretation for the Mistaken Point Formation, describing the depositional environment as either lobe and lobe fringe (Benus 1988) or mid-fan (Gardiner and Hiscott 1988) . However, Narbonne et al. (2001) have recently proposed an alternative interpretation.
The underlying Mall Bay, Drook, and Briscal formations (Fig. 2) , which are coarser grained and more thickly bedded than the Mistaken Point and Trepassey formations (Williams Fig. 11 . Comparison of frond orientations (rose diagrams) and mean turbidity-current flow direction (arrows) as determined from closely adjacent beds (i.e., within ±2-3 m): (A) fossil surface F3, 13.6 m level of Gull Rock Cove section (Fig. 3A) ; (B) fossil surface F12, 21.9 m level of Mistaken Point West section (Fig. 3A) ; and (C) fossil surface F28, 2.4 m level of Mistaken Point East section (Fig. 3B) . and King 1979; Narbonne et al. 2001) , display consistent southwesterly (Mall Bay and basal Drook formations) or northeasterly directed paleocurrent directions (Drook and Briscal formations; Fig. 13 ). These directions are broadly parallel to both the regional structural grain of the Avalon Peninsula, which is presumed to be parallel to the former continental margin (Nance et al. 2002) , and to the contour currents in the Mistaken Point Formation. This suggests that the Mall Bay, Drook, and Briscal formations most likely accumulated in a basin-floor, axial turbidite system (cf. Pilkey 1987; Haughton 2000) rather than in a transversely supplied submarine fan as suggested by Benus (1988) and Gardiner and Hiscott (1988) . Such axial systems are commonly coarser grained than the marginal slopes.
It is proposed that the Mistaken Point and Trepassey formations accumulated on these marginal slopes, rather than in the mid-to distal-fan setting suggested by previous authors. Relative to the underlying axial deposits, the finer grained nature and orthogonal (southeasterly) paleocurrent direction (Figs. 7, 13 ) of the Mistaken Point and Trepassey formations are consistent with deposition on a slope that lies above the influence of the turbidity currents that carried coarse material along the length of the elongate basin. Such a southeasterly facing slope is consistent with the available paleocurrent data from the underlying Gaskiers Formation (Fig. 13) , which is also interpreted to have accumulated on a deep-water slope (Eyles and Eyles 1989) . The presence of decametre-scale slumped units in the Trepassey Formation (Fig. 4) and of debrisflow deposits in the Mistaken Point Formation (Fig. 3) argue strongly for the presence of an appreciable slope (MacNaughton et al. 2000 , and references therein). By contrast, debris flows and slumps are not expected in the distal, lobe-fringe setting suggested by Benus (1988) (Pickering 1982; Galloway 1998) . The absence of channel deposits argues against accumulation in the mid-fan position proposed by Gardiner and Hiscott (1988) .
The Mistaken Point Formation is interpreted to have accumulated in a toe-of-slope environment, based on its Fig. 12 . Summary of paleocurrent data from the Mistaken Point Formation, as obtained from oriented fronds and current ripples in turbidites (see Fig. 3 for stratigraphic positions of fossil surfaces and rose diagrams). Two frond-felling directions are evident, one toward the southeast and one toward the northeast. The vector for fronds on surface F28 is not shown because the mean orientation is not statistically significant due to the small number of measurements (n; Fig. 11C ). The vector means from all other surfaces are statistically significant. CSD, circular standard deviation. stratigraphic position between the axial deposits of the Briscal Formation and the extensively slumped deposits of the Trepassey and Fermeuse formations that must have been deposited on a steeper slope. The excellent lateral continuity of bedding (Fig. 3) and the absence of slump deposits, slump scars, and channel deposits imply that the Mistaken Point Formation accumulated on a topographically smooth surface, below the point where slump units came to rest. The subtle changes in bed thickness along strike between Mistaken Point and Watern Cove, as well as the lack of correlation of thickening and thinning cycles may represent poorly developed lobes or compensation-style sedimentation (cf. Browne et al. 2000) .
The Trepassey Formation represents the zone of accumulation of slumps; the debris flows generated by such slumping continued downslope, coming to rest in the setting represented by the Mistaken Point Formation. Based on the similarity of facies in slumped and intact strata, these slumps originated only slightly higher upslope. Beds are thinner, but not significantly finer grained, than those constituting the underlying Mistaken Point Formation, which may indicate turbidity-current bypass. Although no channels are recognized, the presence of slumps suggests some degree of topographic complexity. Nevertheless, on a regional scale, the slope remained simple, as indicated by the great along-slope extent of the distinctive bed (facies 3A) at the top of the formation (Fig. 4) .
The overlying Fermeuse Formation contains abundant slump deposits in its lower part, whereas intraformational truncation surfaces (i.e., slump scars) are prominent in stratigraphically higher sections (e.g., at Cape Race; Fig. 1 ; Narbonne et al. 2001 ). This suggests that the Fermeuse Formation was deposited further upslope than the Trespassey Formation.
Paleobiological and taphonomic implications
The Ediacaran fossils that occur in the Mistaken Point and Trepassey formations are preserved in situ beneath thin layers of volcanic ash (facies 4). The absence of uprooting of tethered frondose forms and of tearing or other deformation of the non-tethered, soft-bodied organisms, such as might accompany tumbling in a turbulent flow, attest to the lack of transport. The mass transport of large sediment rafts from shallow water is also discounted because the slumped beds in the Trepassey and Fermeuse formations come from the same environment as the host sediment.
This means that the faunal communities lived and died in a deep, mid-to toe-of-slope environment. The exact water depth cannot be determined with precision, but storm wave base is unlikely to have been less than about 50 m (cf. Harris and Coleman 1998) . Therefore, given the large amount of mud that is present in the succession, it is reasonable to presume that the penetration of light was limited by turbidity. Furthermore, the closest wave-generated structures that indicate shallow water occur in the basal Signal Hill Group, more than 1 km higher in the succession (Fig. 1) . As a result, we (Gardiner and Hiscott 1988) has been reinterpreted as a levee facies by Narbonne et al. (2001) , because the paleocurrent direction is oblique to the inferred axial flow to the southwest. The two phases of sedimentation are defined on the internal consistency of transport directions and sedimentation style; see text for further discussion. Phase 1 represents arc-related sedimentation, prior to subduction of the spreading centre, as discussed by Murphy et al. (1999) and Nance et al. (2002) , whereas Phase 2 represents sedimentation in a strike-slip basin that formed following ridge subduction. The unconformity that separates the St. John's and Signal Hill groups (King et al. 1988) , as well as the Lilly Unconformity in the Signal Hill Group (Myrow 1995) are considered to be of limited extent and to reflect local uplift associated with compression at a restraining bend in a strike-slip setting. Data sources: Mall Bay, Gardiner and Hiscott (1988) , Eyles and Eyles (1989) ; Gaskiers, Eyles and Eyles (1989) ; basal Drook, Williams and King (1979) ; Drook, Gardiner and Hiscott (1988) , Narbonne et al. (2001) ; Briscal, Williams and King (1979) , Narbonne et al. (2001) ; Mistaken Point, Benus (1988) , Wood et al. (2001) , this study; Trepassey, this study; Fermeuse, Williams and King (1979) , Narbonne et al. (2001) ; Gibbett Hill, Williams and King (1979) , Narbonne et al. (2001); Ferryland Head, Narbonne et al. (2001) ; Quidi Vidi and Cuckold, King et al. (1988). believe that the Ediacaran organisms in this succession lived below the base of the photic zone and they could not have been photoautotrophs as suggested by McMenamin (1986) and Retallack (1994) . Therefore, they must have sustained themselves by other means. Indeed, the population structure of the Ediacaran communities at Mistaken Point is comparable to that of modern, low-to moderate-diversity marine ecosystems (Clapham et al. 2003) , indicating that oxygen and nutrients obtained directly from the water column may have been key to the survival of these sessile, benthic organisms (cf. Thiel 1975; Eldridge and Jackson 1993) . In this regard, the occurrence of the fossils in deposits that record the existence of contour and other bottom currents (Facies 6) is highly significant, especially in light of the fact that a similar association with contour currents has also been established for the Mackenzie Mountains assemblage (Dalrymple and Narbonne 1996) . In deep-water settings that are commonly depleted in oxygen and nutrients, currents rich in these key resources may have been critical to the early colonization and survival of Ediacaran communities. The common occurrence of red mudstone in the Mistaken Point Formation is additional evidence that the bottom water was oxygenated.
These sea-floor currents also played a crucial role in the preservation of the frondose fossils. Their exquisitely detailed preservation on the top surface of the interturbidite deposits (facies 6) requires that no ash was trapped between the soft body of the organism and the underlying mud . This can only have occurred if the frondose organisms were lying nearly prone, close to the sea floor immediately prior to the arrival of the ash, thereby preventing ash from settling onto the surface before the organisms were weighed down by the accumulating ash. This in turn implies that their stalks must have been quite flexible, so they could respond passively to the currents, which were likely to have been relatively weak as indicated by the lack of winnowed horizons in Facies 6. Indeed, the frondose organisms may well have lived in a nearly prone attitude whenever bottom currents were active. Surfaces on which only holdfast disks are present might represent ash-fall events that occurred when there was no current and the fronds were upright, perhaps because they were slightly positively buoyant. In this case, the ash would reach the sea floor prior to the collapse of the frond, leading to preservation only of the holdfast. Williams and King (1979) inferred that the eastern portion of the Avalon Terrane was proximal to volcanic centres during deposition of the Conception Group, in part because it directly overlies the arc volcanics of the Harbour Main Group (Fig. 2) . Subsequent workers have agreed that sedimentation of the Conception Group occurred in an arc-related basin, but there is no consensus on the type of basin, with proposals including intra-arc (Dec et al. 1992) , back-arc (Myrow 1995; Murphy et al. 1999) , and fore-arc settings. An intra-arc setting would appear to be the least likely of the three, given that the Conception Group lacks the coarse-grained, agglomeratic, vent-proximal facies that typifies such basins (Smith and Landis 1995) , except for volumetrically small occurrences in the Gaskiers Formation (King et al. 1988; Eyles and Eyles 1989) . Back-arc and fore-arc basins are similar from a facies perspective and may include both submarine gravity flows and airborne volcanic ash (Marsaglia 1995) .
Nature of the depositional basin
Several, admittedly tentative lines of evidence support a fore-arc setting for the Conception and lowest St. John's groups. Based on the geochemical evolution of the volcanic rocks, Nance and Murphy (1996) and Murphy et al. (1999) indicate that the Amazonian craton, to which the Avalon Terrane was attached at that time, lay to the northwest in present-day coordinates; these authors, as well as Nance et al. (2002, Fig. 8 ), show eastern Newfoundland with this orientation in their plate-tectonic reconstructions. In this context, the southeast-facing slope on which the Mistaken Point and Trepassey formations formed (i.e., a slope that faced away from the Amazonian craton) would represent either the cratonward side of the back-arc basin or the arc side of the fore-arc basin. Since the composition of the Conception Group and Trepassey Formation indicates an arc source (Myrow 1995) , the latter alternative is favoured. On the other hand, Hartz and Torsvik (2002) show eastern Newfoundland with the opposite orientation, in which case the Conception Group would have accumulated in a back-arc basin. Further work is needed to decide between these alternatives.
The arc-related sedimentation that characterized the Conception Group and Trepassey Formation represents the first of two major tectonic phases in the development of the Avalonian succession. Murphy et al. (1999; see also Nance et al. 2002) compiled structural data to show that the Avalonian margin changed from convergence with associated subduction to a trans-tensional (strike-slip) regime sometime in the interval of 590-540 Ma. Following Narbonne et al. (2001), we suggest that the base of the Fermeuse Formation marks this change, with the remainder of the St. John's and Signal Hill groups accumulating in a strike-slip basin (cf. Fernández-Suárez et al. 2002) . The scarcity of volcanic ash in the Fermeuse Formation and higher stratigraphic units indicates that volcanism had ceased as would be expected if subduction no longer occurred. Furthermore, a paleogeographic reorganization of the basin appears to have taken place during deposition of the lower Fermeuse Formation, as indicated by a change in paleocurrent pattern from a northeast-southeast distribution in the upper Conception Group and Trepassey Formation (Fig. 13, Phase 1) , to a more southerly orientation in the rest of the succession (Fig. 13, Phase 2) . Murphy et al. (1999) and Nance et al. (2002) use southern California as a tectonic analogue for the evolution of Avalonia. This analogue appears to extend to the sedimentology as well. Thus, the Cretaceous-Tertiary-aged Great Basin succession (cf. Dickinson 1995, pp. 252-257 ) is a good analogue for the Conception Group and Trepassey Formation (Phase 1), while the marine-dominated offshore basins of the California Borderland (Howell et al. 1980 ) and the mainly terrestrial Ridge Basin (Nilsen and Sylvester 1995, pp. 437-438) are useful analogues for the remainder of the St. John's and Signal Hill groups respectively (Phase 2). In this scheme, the Lilly Unconformity (Myrow 1995) and the associated thrusting observed to the north of St. John's (Calon 2001) represents local convergence at a restraining bend.
Conclusions
The Mistaken Point and Trepassey formations in the Mistaken Point area consist of a succession of thin-to medium-bedded, fine-grained turbidites. The muddy T E division is volumetrically predominant. The strata accumulated in a topographically smooth, mid-to toe-of-slope setting, on the flank of an elongate depositional basin. These strata overlie coarser-grained and thicker-bedded deposits that were emplaced by turbidity currents that flowed along the deep-water axis of the basin. The absence of wave-generated structures indicates that deposition of the Mistaken Point and Trepassey formations occurred at a significant depth. Indeed, these units lie 1-1.5 km below the first occurrence of wave-generated structures, suggesting that the water depth may have been many hundreds of metres.
The deposits contain abundant ash layers indicating deposition in an arc-related basin. Either a back-arc or fore-arc setting is possible, but the southeasterly direction of down-slope movement away from the arc, coupled with the plate-tectonic reconstructions of Nance and coworkers (Nance and Murphy 1996; Nance et al. 2002) , implies that the basin may have occupied a fore-arc position. The cessation of volcanic activity at the Trepassey-Fermeuse boundary is accompanied by a topographic reorganization of the basin, as reflected in a permanent shift in the paleocurrent pattern. We propose that these features mark the change from a convergent margin to a strike-slip environment, as proposed by Nance and Murphy (1996) .
The volcanic ash layers that punctuate the Mistaken Point and Trepassey formations instantaneously buried many tens of bedding planes on which are preserved exquisitely detailed Ediacaran fossils. The frondose fossils show a well defined preferred orientation on all bedding planes, indicating that a current was operating at the time of arrival of the ash, causing the fronds to adopt a nearly prone attitude before being buried by the ash. On the majority of bedding planes, the orientation of the fronds is perpendicular to the downslope-directed current ripples in the turbidites, implying that a contour current was active much of the time. On other surfaces, downslope and upslope frond orientations indicate the action of density driven, deep-water tidal or wind-forced currents, and (or) internal waves. Detailed taphonomic information and the absence of far-traveled slumps and slides demonstrates that the Ediacaran fauna are in situ and thus lived in this deep-water setting, below the influence of waves and most likely below the base of the photic zone. This requires that these organisms were not photoautotrophs. The contour currents with which they are associated may have been the source of the oxygen and nutrients needed for their survival.
